Instructors often cite anecdotal case evidence that an active learning or flipped classroom approach increases the level of student engagement and gives students guided practice applying concepts. Recently, learner-and community-centered strategies such as flipping the classroom have been implemented into biomedical engineering courses. One approach to flipping the classroom involves providing online video lectures to students in order to focus in-class time on presentation of authentic applications and to enable practical implementation by students in an instructor-supported environment. In one such blended learning study, 40-74% of students viewed online videos before class, and the observed increase in scores on selected summative assessments was not significant at the 95% confidence level (Corrias & Hong, 2015) . Another study reported positive student responses to muddiest point and group-based activities in class but did not indicate whether gains on summative assessments occurred (Ankeny & Krause, 2014) . In general, evidence for improved learning outcomes in flipped classrooms is lacking.
Instructors often cite anecdotal case evidence that an active learning or flipped classroom approach increases the level of student engagement and gives students guided practice applying concepts. Recently, learner-and community-centered strategies such as flipping the classroom have been implemented into biomedical engineering courses. One approach to flipping the classroom involves providing online video lectures to students in order to focus in-class time on presentation of authentic applications and to enable practical implementation by students in an instructor-supported environment. In one such blended learning study, 40-74% of students viewed online videos before class, and the observed increase in scores on selected summative assessments was not significant at the 95% confidence level (Corrias & Hong, 2015) . Another study reported positive student responses to muddiest point and group-based activities in class but did not indicate whether gains on summative assessments occurred (Ankeny & Krause, 2014) . In general, evidence for improved learning outcomes in flipped classrooms is lacking.
Interestingly, Ankeny & Krause (2014) attempted to measure student attitudes toward class activities using a new tool, the BME Student-centered Strategies (BSS) survey. This approach highlights a need to evaluate the learning environment based on factors beyond summative assessment scores. Such evaluations have documented student resistance to active learning approaches (Silverthorn, 2006) . However, the relationship between student resistance and learning is not well understood. A popular early approach was to describe "learning styles" based on students' self-reported preferences for how to receive content (Felder & Silverman, 1988) . Surveys of biomedical engineering students (Dee et al, 2002) indicated that they preferred to receive information visually (through graphics, diagrams, etc.), focusing on sensory inputs (with concrete facts and data), actively (e.g. by doing a team activity), and globally (i.e. focusing on the big picture). Although the idea of learning styles has more recently fallen out of favor, this characterization seems to fit well with the interdisciplinary nature of the BME profession. Studies suggested that student retention in STEM fields requires modifying the classroom environment to be accessible to varying learning styles (Tanner & Allen, 2004 ). However, the focus remained primarily on what the instructor is doing to deliver content rather than what the student is doing to interact with the content and take responsibility for his/her own learning.
This study tested the hypothesis that students who are resistant to a flipped classroom approach perform less well in a third-year required biotransport course. Negative perceptions by some students of how well course design fit their preferred learning approaches was expected to represent a barrier to achieving effective outcomes.
Research Methods

Course descriptions
A flipped classroom approach was implemented in a third-year required biotransport course that had been taught the previous year in a traditional lecture style. The lecture course had 71 students enrolled, and the flipped course had 94 students. Both the instructor and the content were the same for both courses. The courses met for 75 min twice each week during the semester. Course content was drawn from two textbooks of transport phenomena in biological applications (Fournier, 2012; Truskey et al, 2009 ). Topics were based on fundamental engineering concepts in material, momentum, and energy balances.
In the lecture course (control), the instructor delivered content verbally and wrote notes on a tablet PC connected to a projector in front of the class. Students completed 6 homework sets (60% of the grade), 2 midterm exams (20% of the grade), and a final exam (20% of the grade). A weekly discussion section (50 min) was conducted by the graduate teaching assistant to help with homework problems, and open-door office hours were held by the instructor and teaching assistant for at least 2 hr/week. Students did not receive formative feedback other than in these sessions. Students in the lecture course did not complete a pre-/post-test.
In the flipped course (intervention), electronic versions of class notes, links to online sources, and online discussion forums were delivered through a course web site in the university learning management system (UVaCollab, collab.itc.virginia.edu). Some aspects of the grade were based on activities that could be compared to the traditional lecture course: homework problems (25% of the grade), in-class test problems (25% of the grade), and a final exam (15% of the grade). Students also worked in teams to complete a "grand challenge project" (25% of the grade) that consisted of a series of assignments of increasing complexity addressing methods to deliver chemotherapeutic drug to a tumor in a patient. Finally, students completed daily formative assessments in a category called, "Help Yourself Learn" (10% of the grade). Examples of these low-stakes assignments included solving example problems in class, answering concept questions to relate detailed mathematical problems to the big picture learning goal of the day, and reflection questions to promote self-assessment of learning. These assignments were often administered using the online audience response tool QuestionPress (www.questionpress.com). Finally, a pre-/post-test was administered to assess learning of primary concepts of mass conservation and momentum conservation applied to classic problems in biomedical engineering.
Analysis of class composition and self-perception of learning
In order to determine whether background or demographic factors contributed to their selfperceptions or outcomes, students completed a survey at the beginning of the semester that included questions about their backgrounds and their preferences for styles of learning activities in engineering courses (Appendix A). Answers to questions about learning activities were encoded to represent attitudes toward active learning or flipped classroom activities. A two-step cluster analysis was performed, and responders were grouped into "flipped skeptic" and "flipped enthusiast" using a two-step cluster analysis.
Surveys were administered by the University of Virginia Center for Advanced Study of Teaching and Learning in Higher Education (CASTL-HE). Results were not shared with the instructor until after the semester final grades were assigned to prevent the perception that grades might be affected by students' participation or survey answers. Data were collected and analyzed according to a protocol approved by the Institutional Review Board for Social and Behavioral Sciences (IRB-SBS). Data were not collected from students who opted out of the study.
Student focus groups
Focus groups were conducted by two third-party observers from the University of Virginia Center for Teaching Excellence who were not affiliated with the course. Pizza and soft drinks were provided during the focus group interviews. Focus group questions were open-ended and gave students the opportunity to expand on their experiences in the course (Appendix B). Focus groups were recorded and later transcribed for qualitative analysis.
Invitations to participate in the focus groups were sent to all students in the course who had consented to participate in the study. Five focus groups were conducted; 18 students participated in a focus group. Focus group data were encoded using Dedoose and were scored for mention of common themes that students perceived as barriers to learning in the course.
Results
Final exam outcomes in flipped vs. lecture course
The final exams of both the lecture and the flipped course included five common questions focused on core concepts related to conservation laws and fundamental transport principles. Each question was scored out of 10 points; the total scores were computed out of 50 points. In the lecture class, the mean score was 41.3±4.5 (mean±SD, N=71). In the flipped class, the mean score was 44.3±4.5 (mean±SD, N=94). Thus, the mean score in the flipped course was 7.3% higher than in the lecture course, which was significantly different at the 0.05 level (unpaired ttest, p=2.5×10 -5 ). The cumulative histogram (Figure 1) shows the shift in the histogram of scores in the flipped relative to the lecture course.
In order to determine whether a difference in academic preparation existed, the aggregate GPAs of biomedical engineering students from the two class years of the study were compared. Students typically take the biotransport course in the 5 th or 6 th semester of their academic program, so GPAs from 4 th semester were chosen for comparison to represent academic record just before taking biotransport. The GPA of the class year representing the lecture course was 3.39±0.42 (mean±SD, N=85). The GPA of the class year representing the flipped course was 3.39±0.39 (mean±SD, N=110). The difference between mean GPAs was not significant (t-test, p=0.93).
Background and self-perceptions of flipped course students
Of 94 students enrolled in the flipped course, 83 (88%) consented to participate in the study. Half of study participants were male, and half were female. Most were from northern Virginia, and 90% were U.S. citizens, reflecting the typical composition of a biomedical engineering student class at the University of Virginia. All of the participants earned average high school grades of A-or higher, and the average college GPA of the cohort was 3.5.
Two-step cluster analysis of surveys about self-perception of learning classified respondents as "flipped enthusiast" (58 students) or "flipped skeptic" (25 students). Chi-squared distributions and independent samples t-test showed no significant differences between the two groups with respect to gender, race/ethnicity, family income levels, father's education level, mother's education level, high school grades, class year (junior or senior), and college GPA.
Learning outcomes in the flipped course
Comparison of pre-vs. post-test scores (45 points total) in the flipped course served as a measure of learning outcome. The pre-test mean score was 18.1±5.4 (mean±SD, N=94), and the post-test mean score was 39.6±4.3 (mean±SD, N=94), which represented a significant increase at the 0.05 level (paired t-test, p=1.5×10 -54 ). This 2.4-fold increase in test scores indicated growth in knowledge of core concepts in the course.
A pre-vs. post-test comparison was not available in the lecture course (control), in part because this comparison was added as part of the course re-design. The pre-/post-test questions in the flipped course were taken from the final exam in the lecture course. The students entering the two courses had similar GPAs as an indicator of academic preparation, and the final exam scores in the lecture course were significantly lower than in the flipped course. It is possible that the learning gains measured by the pre-/post-test were increased in the flipped compared to the lecture course. This would be an interesting hypothesis to test in the future.
Since final exam scores in the flipped course were significantly increased relative to those in the lecture course, scores from the flipped course were grouped, and "flipped enthusiast" scores were compared to "flipped skeptic" scores ( Figure 2) . Pre-test, post-test, and difference scores were not different between the two groups (p=0.18, p=0.20, and p=0.70, respectively). The cumulative histograms of final exam scores for the two groups were similar to each other ( Figure  3) and to the total for the flipped course, and they were shifted relative to the cumulative histogram for the lecture course. 
Analysis of student focus groups
Focus group transcripts were scored for recurring themes discussed by students in response to open-ended questions about their learning experiences and the learning environment in the flipped course. To encourage honest responses, the observer collected focus group responses anonymously. As a result, responses were not coded as "flipped skeptic" or "flipped enthusiast". Themes that emerged included (1) lack of engagement with digital notes/resources and desire for videos (55 responses), (2) lack of preparation for class (48 responses), (3) complexity of course content (30 responses), (4) concerns about grading (21 responses), and (5) in-class questions being perceived as private exchanges between instructor and individuals (8 responses). Three major themes are described below.
First, students mentioned lack of engagement with digital online notes and resources. Students preferred in-person lectures or videos for delivery of course content. Students mentioned the ease of scrolling forward and backward through videos to reinforce core concepts. Interestingly, they did not revisit online notes multiple times to practice low-stakes problems or to re-read explanations and derivations of core concepts.
Second, lack of class preparation slowed the learning process. For a flipped classroom model to work, students must prepare before class and arrive ready to apply the concepts to a problem or case study (Zappe et al., 2009) . Interestingly, students in three of the focus groups identified their lack of maturity as part of the reason for lack of preparation. Several students referred to their inability to self-motivate to prepare for class by completing low-stakes formative assessments instead of spending time on high-stakes assessments in other, traditional-style courses.
Third, students felt that the complexity of the material in the course was a barrier to learning. They suggested that the material was difficult because it was new to them and multifaceted, which made them feel intimidated and unwilling to ask questions in class.
Discussion
Learner-centered strategies in the classroom have been proposed to improve student engagement and motivation. Supported in part by the Vanderbilt-Northwestern-Texas-Harvard/MIT (VaNTH) NSF ERC, a burst of biomedical engineering course designs grounded in problembased learning approaches emerged in the early 2000s. For example, student engagement with content in a biomechanics course was emphasized by posing authentic challenges based on professional practice (Roselli & Brophy, 2003) . Before class, students were asked to articulate initial thoughts and questions about the challenges, priming them for in-class discussion and lecture. Students were then assessed on how well they applied what they learned to a new problem or situation. Although the idea of motivating students to engage with the course content outside of the classroom seems beneficial, the in-class activities in this study were based primarily on the idea that students were preparing to be told the significance of content (Schwartz & Bransford, 1998) . Evaluation of the learning environment was based on what the instructor was doing, using the VaNTH Observational System (VOS) (Harris et al, 2002) . The emphasis remained on the instructor as knowledge expert rather than on the student as learner.
The decision to implement a flipped classroom in biotransport for this study was stimulated by student behavior in the lecture-style course. As many as 40-50 students attended office hours, using it as a study hall-type period with the instructor moving among the study groups coaching them in response to questions. Impromptu mini-lectures became common, and it became apparent that most learning in the course occurred during these sessions. Flipping the classroom enabled the instructor to allocate class time to problem-solving and mentoring activities during which the students struggled with and learned the course material.
Student learning was increased in the flipped course compared to in the lecture course, as measured by common final exam questions, but student feedback during the flipped course suggested that learner satisfaction was low and that student resistance to the course format was high. However, there was no difference in learning outcomes between "flipped enthusiast" and "flipped skeptic" groups. These observations raised the question of whether increased student learning occurred because of or despite the change in course format.
Focus group responses suggested that students struggled with motivation and engagement with course material, a common difficulty for students in flipped classrooms. Expecting students to engage with course material by exploring online notes and resources instead of by listening to instructor lectures often leads them to question whether the instructor is teaching them or they are teaching themselves (Talbert, 2012) . By actively engaging students in discussion and problem-solving during class, instructors can allay some students' concerns that they are alone in their work without instructor help. In the biotransport course studied here, students reported lack of preparation for class discussions even though they recognized the benefit of low-stakes practice problems and online resources and even though learning goals and rationale were discussed in class and the interactive online syllabus. Instructor involvement with students during their interaction with course material would perhaps help students feel less confused and overwhelmed by the new, heavily quantitative material in this course.
It becomes especially important for instructors to articulate clearly the rationale and goals behind expectations for students to initiate and direct their own learning (Roehl et al., 2013) . Even so, students may not value cooperative learning or find it to be a positive experience because of their desire to get "correct" information from the instructor that they can memorize after class (Herreid, 2013) . This idea is supported by the focus group responses desiring online videos or inperson lectures instead of or in addition to online reading and web-based resources. In an engineering class focusing on problem-solving approaches, it is challenging to help students develop an intuitive sense for risk-taking and innovation when multiple problem-solving techniques are possible. Although the flipped course structure with many low-stakes practice problems should have encouraged students to try approaches with low risk of failure, it instead led students to feel overwhelmed and confused about what was the "right" way to solve problems analytically. Breaking problems into smaller pieces with more frequent instructor interactions may promote student confidence to try new techniques.
Overall, this study confirmed the idea that active learning approaches such as the flipped classroom are capable of improving learning outcomes, even if learner satisfaction with the course format is relatively low. The important factor is that course designs are focused on what learners do to help themselves learn rather than what instructors do to convey content for consumption.
